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Abstract
HTLV-1 Tax oncoprotein interacts with various cellular factors and modulates transcription and the cell cycle. In that role it is sufficient
to create T cell malignancies in the absence of HTLV-1 infection. HTLV-1 Tax protein has been reported to bind to cellular proteins
containing PDZ domains in vitro. The precursor of human interleukin 16, pro-IL-16, is an abundant cellular protein present in human
peripheral blood T cells. Pro-IL-16 contains three PDZ domains. It has been shown that expression of pro-IL-16 in pro-IL-16 negative cells
induces a G0/G1 arrest in the cell cycle. The current studies demonstrate that Tax binds to pro-IL-16 in HTLV-1 infected human T cells.
We mapped the Tax binding site to the first PDZ domain of pro-IL-16. Over-expression of Tax in COS cells resulted in fewer cells in G0/G1
consistent with its activity to induce G1- to S-phase progression in lymphocytes, while over-expression of pro-IL-16 in COS cells resulted
in G0/G1 arrest. Co-expression of wild type Tax with pro-IL-16 in COS cells negated the effects of pro-IL-16, an effect not observed with
Tax mutated at its PDZ binding C-terminus. These results suggest that one of the effects of Tax on growth deregulation in HTLV-1 infected
T cells might be mediated by its binding to pro-IL-16.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Human T cell leukemia virus type 1 (HTLV-1) is an
etiologic agent for adult T cell leukemia (ATL) (Uchiyama,
1997). Transformation of the host T cells by HTLV-1 oc-
curs through several independent mechanisms. The most
intensively studied mechanism of leukemic transformation
is mediated through activation of cellular transcription fac-
tors by the viral trans-activator Tax oncoprotein (Brady,
1996). Tax is a 40 kDa phosphoprotein encoded by
HTLV-1, which is required for high level expression of the
HTLV-1 genome (Seiki et al., 1986; Seiki et al., 1985). Tax
has been shown to be a global regulator of host cellular
processes such as transcription and the cell cycle. Tax stim-
ulates transcription through a series of complex protein-
DNA and protein-protein interactions. The direct and indi-
rect interactions of Tax and specific cellular factors have
been shown to play critical roles in Tax-mediated transcrip-
tional regulation. The cellular targets utilized by Tax to
regulate transcription include CREB, NF-kB, SRF, IkB and
CBP/p300 (Bex et al., 1998; Fujii et al., 1992; Hirai et al.,
1994; Kwok et al., 1996; Suzuki et al., 1993; Suzuki et al.,
1994; Suzuki et al., 1995; Zhao and Giam, 1992). In addi-
tion to transcriptional regulation, Tax modifies the cell cycle
by affecting inhibitors of cyclin-dependent kinases (CDK)
(Suzuki et al., 1996), by binding to mitotic checkpoint
protein MAD1 (Jin et al., 1998), by up-regulation of growth
factors, and by down-regulation of tumor suppressors.
Recently, Tax has been reported to bind several cel-
lular proteins containing PDZ domains (Rousset et al.,
1998). PDZ domains were originally identified as re-
peated sequences conserved in three proteins, postsynap-
tic density protein PSD95, Drosophila discs large tumor
suppressor protein DLG (Woods and Bryant, 1991), and
epithelial tight junction protein ZO-1. PDZ domains are
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now known to be present in many proteins (Ponting and
Phillips, 1995), and are proposed to function as motifs for
protein-protein interaction (Fanning and Anderson, 1996;
Ponting et al., 1997). For interaction with a PDZ domain,
a C-terminal S/T-X-V/L motif is required in the partner
molecules (Doyle et al., 1996; Kornau et al., 1995;
Songyang et al., 1997). Of note, while PDZ domains
share conserved regions and have similar three-dimen-
sional structures, they have unique binding partners. Sev-
eral viral oncoproteins including 9ORF1 protein of
adenovirus, E6 protein of high-risk human papillomavi-
rus (HPV), and Tax protein of HTLV-1 share this
C-terminal binding motif. These viral oncoproteins
have been shown to bind to the human homologue of
hDLG in vitro, but the significance of this interaction
with other PDZ domain-containing proteins remains to be
clarified.
The precursor of human interleukin-16, pro-IL-16,
contains three non-identical PDZ domains (see Fig. 1).
Pro-IL-16 is an abundant protein constitutively ex-
pressed in normal human peripheral blood T cells. In
human CD4 T cells, pro-IL-16 is present in both the
nuclear and cytoplasmic compartment (our unpublished
observations). Our previous work has shown that pro-
IL-16 can negatively regulate the growth of COS cells
transfected with human pro-IL-16 cDNA (Zhang et al.,
2001). Since the PDZ-domain containing protein hDLG
has been reported to suppress cell growth in NIH3T3
cells, and has been reported to interact with the tumor
suppressor protein APC (Matsumine et al., 1996), we
were interested in whether any of the PDZ domains of
human pro-IL-16 would interact with HTLV-1 Tax in T
cells, and whether this interaction would have an effect
on pro-IL-16 induced cell growth arrest. Here we show
that pro-IL-16 binds to Tax in HTLV-1 infected human T
cells, and in Tax/pro-IL-16 co-transfected COS cells. We
mapped the binding site of Tax to PDZ domain-1 of
pro-IL-16. Last, we demonstrate that expression of Tax
eliminates pro-IL-16 induced G0/G1 cell cycle arrest.
These results suggest that pro-IL-16 could be a physio-
logic target of the Tax oncoprotein in HTLV-1 infected
human T cells.
Results
The PDZ domains of human-pro-IL-16 are highly
homologus to human DLG
Human pro-IL-16 is a T cell specific PDZ domain con-
taining protein that is highly expressed in quiescent periph-
eral blood T cells, and can be found both in the cytoplasm
and nucleus. Structurally, the PDZ domains of human pro-
IL-16 are homologous to those of human DLG (Fig. 1),
although the other amino acid sequences are completely
different. Human DLG is the mammalian homolog of the
Drosophila discs large tumor suppressor protein Dlg-A. In
Drosophila, homozygous Dlg-A deletion leads to neoplastic
growth (Woods and Bryant, 1991). For the mammalian
homolog DLG, a possible link to neoplasia is that DLG
complexes with the C-terminus of the tumor suppressor
protein APC (adenomatous polyposis coli gene product)
through the second PDZ domain (Matsumine et al., 1996).
Moreover, human DLG has been shown to interact with
several viral oncoproteins, including HTLV-1 Tax in vitro
through its PDZ domains, the C-terminus of these viral
oncoproteins encodes a consensus PDZ domain binding
motif (Table 1).
Fig. 1. Sequence alignment of the PDZ domains from human pro-IL-16 and human DLG. The secondary structures of the PDZ domains determined by
crystallographic studies are indicated above the aligned sequences taken from Morais Cabral et al., 1996. Four residues that are critical for the formation of
the binding pocket are shown in boldface type.
Table 1
Viral oncoproteins have consensus PDZ domain-binding motifs at their
C termini*
PDZ domain-binding motif Position
3 2 1 0
X (S/T) X (V/I)
Human Papillomavirus E6
oncoproteins
35 E T E V
56 E S T V
Human Adenovirus E4 region
ORF1 transforming proteins
9ORF1 A T L V
5ORF1 A S N V
Human T cell leukemia virus
type 1 oncoprotein (HTLV-1)
Tax E T E V
*The C-terminal four amino acid residues of each viral protein are
shown.
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Tax complexes with pro-IL-16 in HTLV-1 infected human
T cells
To examine whether Tax binds to pro-IL-16 in HTLV-1
infected T cells, we treated the whole cell extracts of
HTLV-1 infected T cells (MT4 cell line) and uninfected T
cells (H9 cell line) with anti-human IL-16 monoclonal an-
tibody (14.1). The immunoprecipitates were analyzed by
immunoblotting with anti-Tax monoclonal antibody for de-
tection of Tax/pro-IL-16 complexes. In the extracts of
HTLV-1 infected T cells, Tax protein was co-immunopre-
cipitated with human pro-IL-16 (Fig. 2C, lane 1), demon-
strating that Tax complexes with pro-IL-16 in HTLV-1
infected T cells.
Tax complexes with pro-IL-16 in co-transfected COS cell
lysates through the c-terminal PDZ domain binding motif
In order to dissect the binding relationship of pro-IL-16
to Tax, we utilized a COS cell transfection system which
permitted expression of Tax without HTLV-1 infection, and
expression of various constructed segments of pro-IL-16.
First, it was essential to show that Tax can form a complex
with pro-IL-16 in COS cells as it does in HTLV-1 infected
T cells. For this purpose, we made a pro-IL-16 cDNA
construct with an N-terminal green fluorescent protein
(GFP) and then co-transfected this construct along with
either a wild-type Tax cDNA or a C-terminal PDZ domain
binding motif mutated Tax cDNA in which threonine and
valine were replaced by alanine (Fig. 3) into COS cells.
After confirming the expression of both proteins in the same
COS cell lysate (Fig. 3, upper and middle panels, lanes 2
and 3), we subjected COS cell lysates to immunoprecipita-
tion with anti-GFP antibody and immunoblotted the recov-
ered protein precipitates with anti-Tax antibody. In this
experiment, the GFP antibody co-precipitated wild-type
Tax protein with GFP-pro-IL-16 (Fig. 3, lower panel, lane
2), but not Tax protein with its C-terminal PDZ domain
binding amino acids mutated (Fig. 3, lower panel, lane 3).
These results indicated that HTLV-1 Tax protein can form
a complex with human pro-IL-16 in transfected COS cells
and does so through its C-terminal PDZ domain binding
motif.
Pro-IL-16 and Tax co-localize in vivo
Next we sought to determine whether pro-IL-16 and Tax
protein co-localize in vivo, suggesting that the binding in-
teraction may occur under natural circumstances. We co-
transfected COS cells with GFP-pro-IL-16 and wild-type
RFP-Tax protein, then performed fluorescent microscopy.
GFP-pro-IL-16 was identified in both the nucleus and the
cytoplasm by cell fractionation (data not shown) and fluo-
rescence (Fig. 4A). Wild-type RFP-Tax was seen in the
nucleus only (Fig. 4B). Overlay imaging confirmed co-
localization in the nucleus (Fig. 4C). Thus, both pro-IL-16
and wild-type Tax localize in the nucleus, the likely site of
intracellular binding in living cells.
The first PDZ domain of human pro-IL-16 is a target of
HTLV-1 Tax
To identify which region of pro-IL-16 binds to the Tax
protein, we made five truncated pro-IL-16 constructs and
attached the Flag peptide to the N-terminus of each pro-
IL-16 fragment, as diagrammed in Fig. 5A. After confirm-
ing the integrity of the DNA sequences of these constructs,
we co-transfected these truncated constructs separately,
along with the Tax cDNA plasmid into COS cells. Co-
expression of truncated polypeptide as well as Tax protein
in the same cell lysate was examined by immunoblotting
with either anti-Flag antibody (Fig. 5B, upper panel) or
anti-Tax antibody (Fig. 5B, bottom panel). Note that all the
Fig. 3. Binding of pro-IL-16 to HTLV-1 Tax in transfected COS Cells. The
cDNA of GFP-pro-IL-16 was transfected without Tax expression plasmid
(lane 1), or with either wild-type Tax cDNA (lane 2) or C-terminal mutated
Tax cDNA (TaxC, lane 3) into COS cells. Forty-eight hours after trans-
fection whole cell lysates were prepared and subjected to SDS–PAGE
followed by Western analysis with anti-GFP (upper panel) or anti-Tax
(middle panel) antibodies to confirm the appropriate expression of both
proteins. All three lysates were incubated with anti-GFP antibody, and
immunoprecipitates were immunoblotted with anti-Tax antibody (lower
panel).
Fig. 2. Binding of HTLV-1 Tax to pro-IL-16 in HTLV-1 virus infected
human T cells. (A) Western blot of cell lysates of HTLV-1 infected T cells
(MT4 cell line) and uninfected T cells (H9 cell line) with anti-IL-16
antibody. Pro-IL-16 is present in both cell lines. (B) Western blot of cell
lysates of HTLV-1 infected T cells (MT4) and uninfected T cells (H9) with
anti-Tax antibody. Tax protein is present in HTLV-1 infected MT4 cells,
but not in uninfected H9 cells. (C) Co-immunoprecipitation of Tax with
pro-IL-16. Cell lysates of HTLV-1 infected MT4 cells and uninfected H9
cells were treated with anti-human IL-16 antibody (14.1), and immuno-
precipitates were analyzed by immunoblotting with anti-Tax antibody. Tax
is co-precipitated with pro-IL-16.
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truncated proteins migrate in the SDS–PAGE gel as pre-
dicted by their estimated molecular mass (Fig. 5B, upper
panel).
We subsequently treated each COS cell lysate with anti-
Tax polyclonal antiserum; the immunoprecipitates were
separated by SDS PAGE, and immunoblotted with anti-Flag
monoclonal antibody. As shown in Fig. 5C (upper panel),
we found that all the pro-IL-16 fragments that contained
PDZ domain-1 (full length; PDZ1, 2, 3; PDZ1, 2; and
PDZ1) interacted with Tax protein. The pro-IL-16 fragment
that contained the unique N-terminal (NT) alone, the second
PDZ domain (PDZ2) alone, and the third PDZ domain
(PDZ3) alone of pro-IL-16 did not precipitate with Tax. We
confirmed the expression of Tax in each of these cell lysates
by re-probing the blot with anti-Tax antibody (Fig. 5C,
bottom panel). These results indicate that Tax protein binds
directly to human pro-IL-16 through an interaction with the
first PDZ domain (PDZ1) of pro-IL-16.
Effect of Tax on human pro-IL-16 induced cell cycle
arrest
The observation published by Schmitt et al. (1998)
clearly demonstrates that Tax is required to stimulate the
G1- to S-phase transition of immortalized T cells. Thus, Tax
may induce G1- to S-phase progression in lymphocytes by
directly interacting with the cell cycle machinery and by
influencing the transcription of cell cycle proteins and tran-
scription factors. Pro-IL-16 has been demonstrated to sup-
press the growth of transfected COS cells by inducing
accumulation of cells at the G0/G1 stage of the cell cycle
(Zhang et al., 2001). To investigate the physiologic effects
of Tax binding to human pro-IL-16, we examined the cell
cycle of COS cells upon expression of pro-IL-16 alone, Tax
alone, and co-expression of either wild-type Tax or C-
terminal mutated Tax with pro-IL-16.
To facilitate cell cycle analysis of transiently transfected
COS cells by Fluorescent Activated Cell Sorting (FACS),
we fused green fluorescent protein (GFP) to the N-terminus
of both Tax and pro-IL-16. COS cells were collected 48 h
after transfection. One half of transfected cells were ex-
tracted for immunoblotting analysis to confirm the expres-
sion of the proteins with anti-GFP or anti-Tax antibodies as
shown in Fig. 6A. The remaining cells were stained with
propidium iodide and used for cell cycle analysis by FACS
(Fig. 6B).
The cell cycle profile of the transfected COS cells (gated
on green fluorescent positive cells) revealed that over-ex-
pression of wild-type pro-IL-16 induced 30% increase of
G0/G1 cell population, as compared with that of the GFP
control (Fig. 6B). FACS analysis of green fluorescent COS
cells co-expressing pro-IL-16 and Tax demonstrated a sig-
nificantly reduced percentage of cell population in G0/G1
compared to cells expressing pro-IL-16 alone (40% less).
These results suggest that Tax can overcome the growth
inhibitory activity of pro-IL-16 through binding to the
PDZ domain-1 of pro-IL-16, resulting in cell cycle pro-
gression.
Co-expression of C-terminal mutated Tax protein with
pro-IL-16 had no effect on the pro-IL-16 induced G0/G1
accumulation of COS cells (Fig. 6B), confirming the re-
quirement of the PDZ binding motif of Tax for its inhibitory
effect on the function of pro-IL-16.
Discussion
Proteins with PDZ motifs have been associated with
neoplasia and alterations in cell proliferation since they
were originally described (Woods and Bryant, 1991; Mat-
sumine et al., 1996). While the majority of PDZ containing
proteins appear to participate in protein-protein interactions
in the cytoplasm at the sites of cell-cell contact, a number of
PDZ domain-containing proteins have been identified to
localize in the nucleus (Poulat et al., 1997; Sherman and
Brophy, 2000; Hsuch et al., 2000). The potential importance
of PDZ domain-containing proteins in regulation of the cell
cycle is further implied by the presence of consensus C-
Fig. 4. Pro-IL-16 and wild type Tax protein co-localize in vivo. COS cells were co-transfected with plasmids encoding GFP-pro-IL-16 and wild-type
RFP-Tax. After 48 h of incubation, fluorescent microscopy was performed. (A) GFP-pro-IL-16 is found in both the cytoplasm and nucleus of COS cells. (B)
Wild-type RFP-Tax protein localizes in the nucleus. (C) Overlay imaging confirms the presence of both fusion proteins in the nucleus.
63K.C. Wilson et al. / Virology 306 (2003) 60–67
terminal PDZ domain-binding motifs in a number of viral
oncoproteins. Along these lines, a number of groups have
utilized yeast two hybrid screening to explore the cellular
binding partners of viral oncoproteins for better understand-
ing of the mechanisms of host cell transformation by vi-
ruses. Independently, these groups isolated full or partial
cDNA clones which were characterized by the presence of
the PDZ domains (Desbois et al., 1996; Rousset et al., 1996;
Rousset et al., 1998). In vitro, it has been demonstrated that
the Drosophila neoplasia related protein DLG and its human
homologue bind to HTLV-1 Tax, suggesting that a relation-
ship between viral oncoproteins and growth suppressing
PDZ domain-containing proteins may underlie part of the
mechanism of viral tumorigenesis.
HTLV-1 is etiologically associated with the development
of an acute malignancy of CD4 T lymphocytes. An
HTLV-1 encoded protein, Tax, is sufficient to induce ma-
lignancies in vivo as demonstrated by transgenic expression
of the protein in the absence of viral infection (Grossman et
al., 1995; Coscoy et al., 1998). Tax can also transform NIH
3T3 cells and Rat-1 cells in vitro (Tanaka et al., 1990;
Fig. 5. Determination of pro-IL-16 protein segment necessary for binding
to HTLV-1 Tax protein. (A) Schematic representation of N-terminal Flag-
tagged human pro-IL-16 and its truncation mutants. The locations of the
three PDZ domains (PDZ) are indicated. (B) Co-expression of HTLV-1
Tax with various truncation mutants of pro-IL-16 in COS cells. The
expression of various truncation mutants of pro-IL-16 as well as HTLV-1
Tax were confirmed by Western blot analysis of COS cell lysates with
either anti-Flag antibody (upper panel) or anti-Tax antibody (lower panel).
(C) COS cell lysates which contain co-expressed HTLV-1 Tax protein as
well as different truncation mutations of pro-IL-16 (as shown in panel B)
were immunoprecipitated with anti-Tax polyclonal antibody. Immunopre-
cipitated proteins were analyzed by immunoblotting with anti-Flag M2
Fig. 6. Effect of Tax on pro-IL-16 induced cell cycle arrest. COS cells were
transfected with either GFP (green fluorescent protein), or GFP*Pro (GFP-
pro-IL-16), or GFP*Pro  Tax(W) (wild-type Tax), or GFP*Pro 
Tax(C) (C-terminal mutated Tax). Forty-eight hours after transfection,
COS cells were collected. (A) To confirm approximately equal expression
of protein, one-half of transfected cells were used for immunoblot analysis
with polyclonal anti-GFP antibody (left panel) or polyclonal anti-Tax
antibody (right panel). (B) The other half of the cells were stained with
propidium iodide and cell cycle analysis was performed by FACS. Mean
values from three experiments are shown.
monoclonal antibody (upper panel). The bands shown in the upper panel
indicate the interaction between HTLV-1 Tax and the segments of pro-IL-
16. The presence of Tax proteins in the immunoprecipitates were con-
firmed by re-probing the blot with anti-Tax antibody noted in the lower
panel.
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Pozzatti, 1990). In a search for a potential binding partner of
Tax protein in human CD4 T cells, we turned our attention
to the precursor of IL-16, pro-IL-16. In human T cells
pro-IL-16 is constitutively expressed as a 631 amino acid
protein, which contains three PDZ motifs. Given its well-
recognized oncogenic potential, Tax of HTLV-1 oncopro-
tein remains the major focus of efforts to understand the
mechanism by which HTLV-1 transforms human T cells.
The presence of a C-terminal PDZ domain binding motif in
Tax (Table 1), and three PDZ-domains in pro-IL-16 which
inhibits the cell cycle at G0/G1, led us to investigate whether
the HTLV-1 Tax interacts with pro-IL-16.
In the current studies we first determined that HTLV-1
Tax protein binds to pro-IL-16 in naturally infected T cells.
Having established a binding relationship in T cells, we
exploited the availability of COS cells as a target for trans-
fection with cDNAs coding for fragments of pro-IL-16 and
Tax in order to identify the region on pro-IL-16 required for
Tax binding. We chose COS cells because they express no
endogenous pro-IL-16 or Tax to interfere with possible
interactions of the two exogenously expressed proteins. The
pro-IL-16 binding domain was determined to reside in the
first PDZ domain, thus demonstrating an interaction be-
tween pro-IL-16 PDZ domain 1 and Tax. The specificity of
this interaction was confirmed by lack of binding of pro-
IL-16 to Tax mutated at its C-terminal PDZ binding motif.
Subsequent cell cycle analyses in COS cells corroborated
the previously described effects of expression of Tax and
pro-IL-16 as an inducer and inhibitor of G1 - to S-phase
transition, respectively. Co-expression of pro-IL-16 and Tax
in COS cells resulted in elimination of the pro-IL-16 growth
inhibitory effect, and mutation of the C-terminal PDZ bind-
ing motif of Tax has no effect on pro-IL-16 induced G0/G1
arrest of COS cells. These results suggest that in co-trans-
fected COS cells the interaction of Tax with pro-IL-16
perturbs pro-IL-16 induced COS cell arrest.
It is possible that the combined effects of pro-IL-16
and Tax have nothing to do with their binding relation-
ship in co-transfected COS cells. Each protein might
affect the cell cycle independently with the cumulative
effect noted in Fig. 6B. This seems unlikely, as Tax with
mutations in the C-terminal PDZ binding motif has no
effect on the function of pro-IL-16. We are currently
exploring mutations in PDZ-1 of pro-IL-16 to determine
the natural cellular binding partner(s) of pro-IL-16, and
to determine the effects of such mutations on Tax-in-
duced cell cycle effects in T cells.
Materials and methods
Cell lines
MT-4 is a human T-cell cell line isolated from cord
blood lymphocytes that were co-cultured with cells from
patients with adult T-cell leukemia. The National Institutes
of Health AIDS Research and Reference Reagent Program
provided the MT-4 cells used in this study. The MT-4 cell
line was cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum.
Antibodies
Anti-Flag monoclonal antibody M2 was purchased from
the Eastman Kodak Co. Anti-GFP polyclonal antibody was
purchased from Santa Cruz Biotechnology, Inc. The rabbit
polyclonal anti-HTLV-1 Tax antiserum was obtained from
the National Institutes of Health AIDS Research and Ref-
erence Reagent Program. The monoclonal anti-Tax anti-
body was purified by Protein A conjugated Sepharose 4B
affinity chromatography of the culture medium of HTLV-1
Tax hybridoma cells (168A51-2) (also from N.I.H. AIDS
Research and Reference Reagent Program).
Expression constructs
Plasmids were constructed that express a GFP-pro-IL-16
fusion protein, a Flag-tagged full length pro-IL-16, and
various truncation mutants of pro-IL-16 designed to isolate
the three PDZ domains. The sequences were amplified by
polymerase chain reaction (PCR) from human T cell pro-
IL-16 cDNA with oligonucleotide primers containing the
appropriate translation start or stop codon and specific re-
striction enzyme sites. The amplified products were puri-
fied, digested with restriction enzymes, and ligated into a
mammalian expression vector, pXM, for expression as a
GFP fusion protein or individual flag-tagged truncation pro-
teins. To construct the HTLV-1 Tax expression plasmid, we
isolated Tax cDNA from the HTLV-1 viral genomic DNA
(a gift from J. Fuller’s lab, Boston University Cancer Cen-
ter) by PCR, and then cloned the Tax cDNA into pXM. All
constructs were sequenced for accuracy.
Co-transfection and cell extracts
COS 7 cells were co-transfected with pXM-Tax, pXM-
GFP-pro-IL-16, or pXM Flag-tagged pro-IL-16 constructs
by electroporation as previously described (Zhang et al.,
1998), and harvested 48 h after transfection. For preparation
of cell extracts, cells were washed with ice-cold phosphate-
buffered saline (PBS, pH 7.4) and lysed for 10 min on ice in
RIPA buffer (50 mM Tris–HCl [pH 8.0]), 150 mM NaCl,
1% [vol/vol] Nonidet P-40, 0.5% [wt/vol] sodium deoxy-
cholate, 0.1% [wt/vol] SDS) containing protease inhibitors
(300 g of phenylmethylsulfonyl fluoride [PMSF] per ml, 6
g each of aprotinin and leupeptin per ml), and cleared by
centrifugation (14,000 g for 20 min at 4°C). Protein con-
centrations of cell extracts were determined by the Bradford
method (Bradford, 1976).
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Immunoprecipitation and immunoblot assay
Immunoprecipitation was performed at 4°C in RIPA
buffer. The polyclonal anti-Tax antiserum or anti-GFP an-
tiserum were used at a final dilution of 1/100 and incubated
with lysates (300 g of total protein in 500 l of volume)
for 90 min. Immunocomplexes were precipitated by incu-
bation for 60 min with 50 l of 50% Protein-A-Sepharose
beads (Sigma) in RIPA buffer, and then washed three times
in RIPA buffer containing 300 mM NaCl. Immunoprecipi-
tated proteins were separated by 12% SDS–PAGE and an-
alyzed by immunoblotting using anti-Flag M2 monoclonal
antibody or anti-Tax polyclonal antiserum.
Cell cycle analysis
Five  106 COS cells were washed with PBS buffer and
fixed in 35% ethanol on ice for 1 h. After fixation cells were
washed with PBS twice before they were resuspended in
RNAse A (100 g/ml)/PIB (propidium iodide staining
buffer: PBS buffer with the addition of 0.12% Triton X-100
and 0.12 mM EDTA) for 45 min at 37°C. PI solution (5
mg/ml propidium iodide dissolved in PIB) was added at 50
g/ml and the reaction was incubated at room temperature
in the dark for at least 1 h. The fluorescence analysis was
performed on the day of the assay using a flow cytometer
(Becton Dickinson).
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